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ABSTRACT
We first present spatially resolved ALMA and VLA continuum observations of the early-M red supergiant Antares to search for
the presence of a chromosphere at radio wavelengths. We resolve the free-free emission of the Antares atmosphere at 11 unique
wavelengths between 0.7 mm (ALMA band 8) and 10 cm (VLA S band). The projected angular diameter is found to continually
increase with increasing wavelength, from a low of 50.7 mas at 0.7 mm up to a diameter of 431 mas at 10 cm, which corresponds
to 1.35 and 11.6 times the photospheric angular diameter, respectively. All four ALMA measurements show that the shape of the
atmosphere is elongated, with a flattening of 15% at a similar position angle. The disk-averaged gas temperature of the atmosphere
initially rises from a value of 2700 K at 1.35R? (i.e., 0.35R? above the photosphere) to a peak value of 3800 K at ∼2.5R?, after
which it then more gradually decreases to 1650 K at 11.6R?. The rise in gas temperature between 1.35R? and ∼2.5R? is evidence
for a chromospheric temperature rise above the photosphere of a red supergiant. We detect a clear change in the spectral index across
the sampled wavelength range, with the flux density S ν ∝ ν1.42 between 0.7 mm and 1.4 cm, which we associate with chromosphere-
dominated emission, while the flux density S ν ∝ ν0.8 between 4.3 cm and 10 cm, which we associate with wind-dominated emission.
We show that the Antares MOLsphere is transparent at our observed wavelengths, and the lukewarm chromosphere that we detect
is therefore real and not just an average of the cool MOLsphere and hot ultraviolet emitting gas. We then perform nonlocal thermal
equilibrium modeling of the far-ultraviolet radiation field of another early-M red supergiant, Betelgeuse, and find that an additional
hot (i.e., > 7000 K) chromospheric photoionization component with a much smaller filling factor must also exist throughout the
chromospheres of these stars.
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1. Introduction
All late spectral type (cool) stars are believed to contain regions
in their atmospheres exterior to the photosphere where plasma
is heated to temperatures above the prediction of radiative equi-
librium (Schrijver & Zwaan 2000). This region is known as the
chromosphere and is formed by the dissipation of acoustic and
magnetic waves, which are a consequence of the turbulent con-
vective motions beneath the photosphere. The resulting nonra-
diative heating leads to a chromospheric signature that is most
conspicuous at ultraviolet (UV) and radio (i.e., centimeter to sub-
millimeter) wavelengths (Linsky 2017, and references therein).
The presence and nature of chromospheres in K and early-
M supergiants has important implications for both deriving their
highly uncertain mass-loss rates, which themselves are key in-
puts for stellar evolution codes (Meynet et al. 2015), and under-
? ogorman@cp.dias.ie
standing the details of the as yet undeciphered mass-loss mech-
anisms. Moreover, because K and early-M supergiants form
the majority of the red supergiants (RSGs) (Levesque 2017),
understanding the nature of chromospheres in these types of
stars becomes pressing. Mass-loss rates derived from modeling
molecules, especially CO low-J pure-rotation lines, and silicate
dust models are of limited reliability (e.g., see Josselin et al.
2000). The RSG chromospheric far-ultraviolet (FUV) radiation
field photodissociates molecules ejected from the photosphere,
which in turn inhibits dust formation. This makes the total mass-
loss rates unreliable because the CO/H fraction and the gas-to-
dust mass ratio are poorly constrained.
Optical-UV (λ ∼ 3200 Å) Fe II emission lines have long
revealed the presence of chromospheric emission from cool
evolved stars (Herzberg 1948; Boesgaard & Boesgaard 1976),
including the RSGs. However, with the exception of Betelgeuse,
little is known about chromospheric structure or the intrinsic
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FUV radiation field that is important for circumstellar chemistry
in RSGs. Early empirical radio studies (see Harper et al. 2001,
and references therein) and theoretical Alfvén wave-driven wind
models led to a picture of a hot (7,000-9,000 K) chromosphere
extending out to ∼ 6 R? (Hartmann & Avrett 1984; Skinner
et al. 1997). This was in good agreement with spatially resolved
UV observations made with the Hubble Space Telescope (HST)
(Gilliland & Dupree 1996; Uitenbroek et al. 1998) and radio
observations lacking spatial information (Newell & Hjellming
1982; Hjellming & Newell 1983). However, spatially resolved
multiwavelength radio observations of Betelgeuse by Lim et al.
(1998) found no signature of a hot chromosphere between 2 and
7 R? and concluded that the hot extended chromosphere detected
in the UV must have a very small filling factor. Recently, how-
ever, O’Gorman et al. (2017) directly measured the gas temper-
ature at 1.3 R? to be ∼1000 K below the photospheric effective
temperature (Teff = 3690 K), and ∼700 K below the gas temper-
ature at 2 R?. This result indicates the decline of the gas temper-
ature above the photosphere before it rises again toward higher
temperatures. This trend in temperature is a characteristic of 1D
semiempirical model atmospheres of cool evolved stars based
on optical and UV diagnostics, including Betelgeuse (e.g., Basri
et al. 1981).
The type II core-collapse supernova progenitor Antares
(α Sco A; M1.5 Iab), along with Betelgeuse, is the prototyp-
ical target for furthering our understanding of RSG chromo-
spheres and mass loss. By applying our currently best-known
values for stellar distances, it is possible that Antares is the
nearest RSG (d = 170+35−25 pc, van Leeuwen 2007), with Betel-
geuse coming in a close second (d = 222+48−34 pc, Harper et al.
2017). Antares presents one of the largest photospheric angu-
lar diameters in the sky (φLD = 37.3 ± 0.1 mas, Ohnaka et al.
2013), and unlike Betelgeuse, it has a wide binary compan-
ion (α Sco B; B2.5 V) that is a hot main-sequence star lo-
cated close to 2′′.73 west of the RSG (Reimers et al. 2008).
This acts as an in situ probe of the RSG outer wind, making
it a benchmark system for determining accurate mass-loss rates
from RSGs (Kudritzki & Reimers 1978). The orbit is seen nearly
edge on, with a period of ∼ 2600 years (Reimers et al. 2008). At
radio wavelengths, Hjellming & Newell (1983) found that the
B2.5 V companion creates an optically thin H II region within
the RSG wind. They constructed a model that provided a good
representation of the observed ionization cavity, whose shape
is an excellent diagnostic for the mass-loss rate of the RSG
(M˙ = 2 ± 0.5 × 10−6 M yr−1, Braun et al. 2012). A subsequent
study by Brown & Harper (2004) showed that the radio emis-
sion from the RSG is spatially extended, but their data had insuf-
ficient sensitivity for detailed analysis. The order-of-magnitude
increase in bandwidth now available for continuum observations
offered by the Karl G. Jansky Very Large Array (VLA) enables
a more sensitive study of the extended atmosphere of Antares.
Moreover, the long baselines now offered by the Atacama Large
Millimeter/submillimeter Array (ALMA) provide the possibility
for a multiwavelength study of the extended atmosphere of an
RSG between 1 − 2 R? for the first time.
2. Observations and data reduction
Antares was observed with ALMA in four unique continuum
bands (bands 3, 4, 7, and 8) between July and October 2017,
with 7.5 GHz effective bandwidth spread over four spectral win-
dows in each of the bands (project code: 2016.1.00234.S, PI:
Eamon O’Gorman). A brief overview of these observations is
presented in the lower part of Table 1. The observations in band
3 were centered on 97.5 GHz (3.1 mm) and were taken on 2017
October 6 using 45 antennas, with baselines ranging from 41 m
to 16.2 km. The observations in band 4 were centered on 145
GHz (2.1 mm) and were taken on 2017 September 14 using 42
antennas, with baselines ranging from 41 m to 12.1 km. Finally,
the observations in bands 7 and 8 were centered on 343 GHz
(0.87 mm) and 405 GHz (0.74 mm) respectively, and were both
taken on 2017 July 29 using 47 antennas, with baselines ranging
from 17 m to 3.7 km. The total observing time for each of the
four tracks was approximately 20 minutes in duration with only
between 3 and 5 minutes spent on the target in each track. The
quasar J1625-2527, which was within 2◦ of Antares, was used as
the gain calibrator for all four bands. The quasar J1617-2537 was
used as the secondary gain calibrator in band 3, while the quasar
J1626-2951 was used in bands 4, 7, and 8. The quasar J1517-
2422 from the ALMA quasar catalog served as both bandpass
and absolute flux density calibrator for all ALMA observations.
The uncertainty on this flux density standard is expected to be
less than 10% in bands 3, 4, and 7 and less than 15% in band 8
(Fomalont et al. 2014).
Antares was observed with the VLA in the most extended
A configuration in all frequency bands between 2 and 50 GHz
(bands S, C, X, Ku, K, Ka, and Q) between June 2015 and De-
cember 2016 (project codes: 15A-054 and 16B-012, PI: Eamon
O’Gorman). An overview of these observations is presented in
Table 1. The total observing time of Antares per band ranged
from 18 minutes to 49 minutes. Each individual target scan was
interleaved between scans of a gain calibrator, ranging in du-
ration from 0.5 minutes at 45 GHz (Q band) to 1 minute at 3
GHz (S band). Like the ALMA observations, the quasar J1626-
2527 was also used as the gain calibrator at all frequencies, ex-
cept at S band, where the quasar J1626-2951 (located within
4◦ of Antares) was used instead. 3C286 was used to calibrate
the absolute flux density scale and instrumental bandpass at all
VLA bands. The uncertainties in the absolute flux densities of
the VLA observations are conservatively assumed to be 5% at S
through Ku bands and 15% for the K, Ka, and Q bands1.
The ALMA and VLA data were calibrated using standard
ALMA and VLA calibration pipelines and manually inspected
and imaged using CASA 4.7.2. Stokes I images were produced
using the CLEAN task, with the multifrequency synthesis mode,
two Taylor coefficients to model the frequency dependence, and
Briggs weighting with a robust parameter of 0. The sizes of the
synthesized beams and the rms sensitivity of the images are
given in Table 1. Antares was sufficiently bright at all wave-
lengths to allow for two to three rounds of phase self-calibration
and one round of amplitude self-calibration. The basic proper-
ties of Antares such as flux density, shape, and size are derived
in Section 3, and to do so, we analyzed the uv-data directly using
the UVMULTIFIT code (Martí-Vidal et al. 2014). At the long
VLA wavelengths (S, C, and X bands), the visibilities also con-
tained strong emission from the ionized region in the Antares
wind due to its hot companion. This emission needed to be sub-
tracted from the visibilities before accurate uv-fitting could be
carried out. To do so, a model of the emission from the ion-
ized region alone was created using the CLEAN task. Using
the FT task, this model was then Fourier transformed to pro-
duce a model of the visibilities for the ionized cavity. Finally,
the UVSUB task was used to subtract this model from the actual
visibilities to leave a dataset containing only the visibilities of
Antares.
1 https://science.nrao.edu/facilities/vla/docs/manuals/oss/performance/fdscale
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Table 1. VLA and ALMA observations of Antares.
Date Band Bandwidth Central Time on Synthesized rms noise
frequency source beam FWHM
(GHz) (GHz) (min) (′′ × ′′, ◦) (µJy beam−1)
2016 Oct 04 S 2 3 38 1.029 × 0.417, 12◦ 10
2015 Jun 18 C 4 6 49 0.695 × 0.369, 5◦ 7
2015 Jun 21 X 4 10 25 0.425 × 0.225, 2◦ 6
2015 Jun 21 Ku 6 15 18 0.231 × 0.091, 5◦ 7
2015 Jun 21 K 8 22 20 0.157 × 0.063, 8◦ 18
2016 Dec 19 Ka 8 33 41 0.101 × 0.052, 176◦ 20
2016 Dec 09 Q 8 44 36 0.092 × 0.051, 176◦ 95
2017 Oct 06 3 8 97.5 5 0.045 × 0.043, 146◦ 53
2017 Sep 14 4 8 145 5 0.073 × 0.039, 44◦ 86
2017 Jul 29 7 8 343 4 0.075 × 0.052, 100◦ 175
2017 Jul 29 8 8 405 3 0.063 × 0.044, 99◦ 340
Notes. The synthesized beam dimensions and the rms noise values are taken from the Briggs weighted (robust = 0) images.
3. Results
In Figure 1 the ALMA and VLA images of the target system
are shown. Simple Gaussian fits to Antares confirm that the star
is spatially resolved at all ALMA and VLA wavelengths. How-
ever, with the synthesized beam being generally of similar size
to the star at all wavelengths, no properties of Antares were de-
rived from these images and were instead derived from the vis-
ibilities. The VLA images at the longest wavelengths are the
most sensitive to low surface brightness emission. These images
clearly show the extended ionized region of the circumstellar at-
mosphere of Antares that is illuminated by the UV field of its hot
B spectral type companion. The VLA A configuration is sensi-
tive to emission on spatial scales smaller than 18′′, 9′′, and 5′′
at S, C, and X band. We found no evidence for the existence of
emission on similar or larger spatial scales that could have been
resolved out by the VLA. Although not the focus of this paper,
the morphology of this H II region is fully consistent with that
presented by Newell & Hjellming (1982). The superior dynamic
range of our images confirm the double-lobe structure modeled
previously (Braun et al. 2012) and also tentatively detected by
Newell & Hjellming (1982). Moreover, the large dynamic range
of our images also allow spectral index images to be created from
within each band. The long VLA wavelength spectral index im-
ages confirm that the emission from the entire ionized region of
the circumstellar atmosphere is consistent with being optically
thin, that is, the spectral index values are consistently close to
ν = −0.1, again in agreement with the findings of Newell &
Hjellming (1982). We emphasize that none of the emission from
the H II region is included in any of the analysis in the subse-
quent sections.
3.1. Size and shape of the Antares atmosphere
A number of relatively simple models were fit to the ALMA and
VLA visibilities of Antares. The models ranged from uniform in-
tensity circular and elliptical disks to slightly more complex cir-
cular and elliptical disks with one and two superimposed point
sources, Gaussians and rings; all of which have been used to
model radio emission from other evolved stars (e.g., Lim et al.
1998; O’Gorman et al. 2017; Matthews et al. 2018). Uniform-
intensity circular disks provided the best fits to all of the VLA
data, although this could be due to the fact that the star is only
marginally resolved at most VLA wavelengths, but it is better
resolved with ALMA, which provides better distinction between
simple and more complex models. The spectral index within
each band was included as another free parameter to these cir-
cular disk fits due to the large fractional bandwidth of our VLA
observations. While this did not improve the fits further, neither
did it change the values of the other parameters significantly.
The parameters of these fits are given in Table 2. We note that
although the spectral index value within each band may not be
precise, there is generally a trend to higher values at higher VLA
frequencies. The other interesting property from these circular
fits is that the diameter of Antares continuously decreases from a
vast size of 431 mas (23 R?) at 3 GHz to just 80.5 mas (4.3 R?)
at 44 GHz. This trend in size with frequency is expected from
any optically thick stellar atmosphere where the radio opacity is
dominated by thermal free-free interactions (Wright & Barlow
1975; Panagia & Felli 1975).
Uniform-intensity elliptical disk models in which the flux
density depended on frequency (i.e., a spectral index) were found
to fit all of the four ALMA datasets best. The residual images
whereby these best-fit uniform-intensity elliptical disk models
were subtracted from the data are briefly discussed in Appendix
A.1. The best-fit uniform-intensity elliptical disk models to the
ALMA data are described in Table 3. We note that the errors
in the diameter measurements are small and would only be pre-
cise if the atmosphere corresponded exactly to our chosen model.
However, because no substantial residuals are detected in any of
the residual images, we are confident that our model represents
the data well. Again, like in the VLA data, there was a general
increase in spectral index from low to higher values. Moreover,
the major axis of the ellipse and the geometric mean of major and
minor axes both decreased continuously as frequency increased.
When we take this geometric mean as our definition for the stel-
lar diameter at these frequencies, the star deceases in diameter
from 68.4 mas (3.7 R?) at 97.5 GHz to 50.7 mas (2.7 R?) at 405
GHz. A notable feature of these elliptical models is that both the
axis ratio (defined as the ratio of the minor axis to the major axis)
and the position angle (P.A.; defined as angles east of north) are
almost identical at all four frequencies, indicating that a large-
scale asymmetry exists throughout at least this region of the at-
mosphere. The P.A. of the major axis is approximately aligned
with the direction of the Antares companion, α Sco B. However,
O’Gorman et al. (2017) also found a similar global asymmetry
for Betelgeuse, which is a single RSG. It might therefore well
be that this asymmetry is intrinsic to the RSG itself and not con-
nected to the presence of its companion.
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Fig. 1. VLA and ALMA Briggs-weighted (robust 0) images of Antares at frequencies between 3 and 405 GHz. The optically thin emission from
the ionized cavity in the outer wind of Antares is caused by the UV radiation field of its hot B-type companion and is not detected in our images
above 11 GHz. The size and shape of the restoring beam at each frequency is shown in the lower left corner of each image. Contour levels are set
to (5, 10, 20, 30, 40, 60, 80, 200, 300, 400) × σrms and (5, 100, 300, 600, 900, 1200, 2100) × σrms for the VLA and ALMA images, respectively. The
dashed box in panel 1 indicates the region depicted in panels 7 -14.
De Koter et al. (1988) cited a value of v sin i for Antares of 10
km s−1 from Bernacca & Perinotto (1973). If the RSG is rotating
in the same sense as the orbit then sin i ≈ 1, and for reason-
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Table 2. Parameters from the uniform circular disk fits to the VLA calibrated visibilities and brightness temperature values.
Frequency Wavelength Flux density Spectral index Modeled diameter Brightness temperature
(GHz) (cm) (mJy) (mas) (K)
3 10.0 1.56 ± 0.01 0.86 ± 0.03 430.7 ± 9.1 1647 ± 110
5 6.0 2.34 ± 0.01 0.86 ± 0.04 298.9 ± 5.2 1849 ± 113
7 4.3 3.07 ± 0.01 0.94 ± 0.03 223.2 ± 2.2 2215 ± 120
9 3.3 4.10 ± 0.01 1.08 ± 0.03 177.6 ± 1.7 2825 ± 152
11 2.7 4.97 ± 0.02 1.10 ± 0.04 155.4 ± 1.3 2997 ± 156
13.5 2.2 6.10 ± 0.02 1.35 ± 0.02 128.9 ± 0.6 3546 ± 181
16.5 1.7 7.74 ± 0.02 1.26 ± 0.03 117.8 ± 0.4 3609 ± 183
22 1.4 10.57 ± 0.02 1.31 ± 0.01 100.9 ± 0.1 3777 ± 567
33 0.9 19.59 ± 0.02 1.05 ± 0.01 92.1 ± 0.1 3736 ± 560
44 0.7 26.86 ± 0.10 1.44 ± 0.06 80.5 ± 0.4 3772 ± 567
Notes. The errors on the flux density, spectral index, and diameter are the fitting errors. The errors on the brightness temperature contain the
systematic error on the flux density.
Table 3. Parameters from the uniform elliptical disk fits to the ALMA calibrated visibilities and brightness temperature values.
Frequency Wavelength Flux density Spectral index Major axis Axis ratio P.A. Brightness temperature
(GHz) (cm) (mJy) (mas) ◦ (K)
97.5 0.31 90.05 ± 0.04 1.28 ± 0.01 74.2 ± 0.1 0.85 ± 0.01 93.9 ± 0.2 3566 ± 357
145 0.21 146.18 ± 0.03 1.27 ± 0.01 67.9 ± 0.1 0.85 ± 0.01 95.1 ± 0.2 3125 ± 313
343 0.09 530.03 ± 0.08 1.74 ± 0.01 56.3 ± 0.1 0.86 ± 0.01 95.8 ± 0.2 2911 ± 291
405 0.07 642.57 ± 0.20 1.59 ± 0.02 54.7 ± 0.1 0.86 ± 0.01 96.5 ± 0.3 2682 ± 402
Notes. All errors shown are the fitting errors, except for the errors on the brightness temperature, which also include the systematic error on the
flux density.
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Fig. 2. Radio spectral energy distribution for the red supergiant Antares.
The filled red circles and the filled blue diamonds represent the VLA
and ALMA data, respectively, and include the statistical 1σ error bars.
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points, while the dashed lines are extrapolations to the remaining data
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able estimates for the mass of Antares, this does not lead to any
significant rotational distortion of the photosphere (∼ 1%). In a
photospheric abundance study, Harris & Lambert (1984) found a
macroscopic broadening parameter, which is indicative of radial-
tangential and rotational broadening, of of 6 km s−1 (Betelgeuse
= 7 km s−1). This means that there is no evidence of a large v sin i
for Antares.
10 100
Effective angular radius, φ
 eff (mas)
0
1000
2000
3000
4000
G
as
 te
m
pe
ra
tu
re
, T
 
ga
s 
(K
)
Ph
ot
os
ph
er
ic 
ra
di
us
ALMA data
VLA data
2 4 6 8 10 12
*
Stellar radius (R )
chromosphere wind acceleration wind
Fig. 3. Empirically derived gas temperature of the Antares atmosphere
as a function of distance from the optical photosphere and projected
radius. The filled blue diamonds are the values derived from the ALMA
data, while the filled red circles are the values derived from the VLA
data. The error bars on the gas temperature include the absolute flux
density uncertainty and the fitting errors. The filled black circle at R?=1
represents the photospheric effective temperature of 3660 K for Antares
(Ohnaka et al. 2013).
The elongation seen in the ALMA fits may indicate an equa-
torial enhancement of atmospheric heating, assuming the orbital
and rotation axis are aligned. This would suggest that it is not
connected to a large convection cell origin and perhaps it might
be related to the atmospheric magnetic field geometry.
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3.2. Radio spectral index of Antares
The ALMA and VLA flux densities of Antares derived from the
uv-fitting are plotted against frequency in Figure 2. It is imme-
diately apparent that the spectral index varies across all of the
sampled frequencies. We find that below 8 GHz the spectral in-
dex value is 0.8, while above 20 GHz, the value rises to 1.42. Be-
tween these two frequencies, the spectral index turns over to the
two different values. This behavior is consistent with the trend in
spectral index values listed in Tables 2 and 3, in that they gen-
erally increase in values from low to high frequencies. Newell
& Hjellming (1982) derived a spectral index value of 1.05 for
their three sampled frequencies (1.5, 4.9, and 15 GHz). From
our work, it now appears that they sampled regions of the at-
mosphere where the value of the spectral index both remains
constant and turns over. The greater sensitivity and much finer
sampling of frequency of our ALMA and VLA data now show
that in fact the spectral index value is higher than the original
value of 1.05 above 20 GHz and lower below 10 GHz.
The change in the value of the spectral index across frequen-
cies for Antares provides powerful diagnostic information about
the different atmospheric layers that our ALMA and VLA data
sample. For an isothermal source with an angular diameter inde-
pendent of frequency (i.e., a hard disk), the spectral index should
just reflect the frequency factor in the Planck function, that is,
α = 2. The spectral index for a spherically symmetric optically
thick stellar wind with a constant wind velocity, temperature, and
ionization fraction should be 0.6 (Wright & Barlow 1975; Pana-
gia & Felli 1975; Olnon 1975). These two cases are generally
an oversimplified view of a stellar atmosphere, and in reality,
the spectral index values derived will be somewhere between the
two. Our derived value of α = 0.8 below 10 GHz is close to 0.6,
which indicates that these wavelengths likely sample emission
from the wind, although the reality of, for example, a wind tem-
perature gradient and wind acceleration can explain the slight
difference between the two values. Likewise, the higher value of
1.42 above 20 GHz indicates that the sampled emission comes
from regions closer to the stellar photosphere where the ionized
density scale height is small compared to the radius, and the
source begins to resemble a blackbody disk, but with a depth-
dependent temperature.
3.3. Temperature profile of the atmosphere
The brightness temperatures at each ALMA and VLA frequency
are listed in Tables 2 and 3. The emission across all wavelengths
is optically thick (i.e., the size of the atmosphere continuously
decreases as frequency increases) and thermal, so that the bright-
ness temperature is just the local gas temperature where the opti-
cal depth is near unity, averaged across the stellar disk. In Figure
3 we plot these gas temperatures against projected distance from
the optical photosphere, where the diameter of the optical pho-
tosphere is 37.38 mas (Ohnaka et al. 2013). The highest ALMA
frequency we have at 405 GHz probes the inner region of the
extended atmosphere of Antares at 1.35 R? (i.e., 0.35 R? above
the photosphere) and provides a measure of the gas temperature
of 2682 ± 400 K, where the uncertainties in the gas tempera-
ture are dominated by the conservative uncertainties in the abso-
lute flux calibration. The lower ALMA frequencies and highest
VLA frequencies show that the gas temperature then progres-
sively rises to a maximum value of 3777 ± 567 K at 2.5 R?.
This continuous rise in the gas temperature is the first direct ev-
idence for the existence of a chromospheric temperature rise in
the atmosphere of an RSG. The single ALMA measurement by
O’Gorman et al. (2017) for Betelgeuse indicated this temper-
ature rise, but the sampling was too sparse and error bars too
large to conclusively show it. We note that in classical 1D chro-
mospheric models based on optical and UV emission line stud-
ies (e.g., Basri et al. 1981), the temperature at the bottom of the
chromosphere is often defined as Tmin ∼ 0.75Teff . For Antares,
this would give Tmin ∼ 2745 K, which is very similar to our
ALMA band 8 temperature value. Our ALMA and VLA dataset
may therefore have sampled the entire chromosphere of Antares.
The temperature of the Antares atmosphere progressively falls to
lower values beyond 2.5 R? until it reaches a value of 1647 ± 110
K at 11.5 R?, in a similar manner as was reported by Lim et al.
(1998) and O’Gorman et al. (2015) for Betelgeuse.
It appears that the different spectral index values discussed in
Section 3.2 can be equated to the temperature profile plotted in
Figure 3 by a comparison of values on a per frequency basis. The
spectral index value of 1.42 derived from the ALMA and high-
est VLA frequencies now appears to originate from the chro-
mosphere. The spectral index value of 0.80 derived at the low-
est VLA frequencies appears to emanate from the wind where
it is approaching the terminal velocity at the current epoch, as
measured by the wide strong K I absorption ∼20 km s−1 (Sanner
1976; Pugh & Gray 2013). Finally, the spectral index turnover
between 10 and 20 GHz could then probe the wind acceleration
region.
4. Discussion
4.1. Reconciliation of the chromosphere and MOLsphere
A CO molecular envelope (known as a MOLsphere) lying above
the classical photosphere has been imaged for Antares by means
of near-infrared spectro-interferometric observations in the CO
first-overtone lines near 2.3 µm (Ohnaka et al. 2013). The model-
ing of Ohnaka and colleagues suggests that the CO MOLsphere
lies between 1.2-1.4 R?. This extent is similar to that observed
in Betelgeuse in the 2.3 µm CO lines (Ohnaka et al. 2011; Tsuji
2006) and in water vapor (Tsuji 2000; Perrin et al. 2004; Ohnaka
2004; Tsuji 2006; Perrin et al. 2007; Montargès et al. 2014). The
radius of the MOLsphere corresponds to the region between the
upper photosphere and the radio temperature peak, reminiscent
of the CO material observed at low chromospheric heights on the
Sun and thought to exist in cool evolved stars (e.g., Wiedemann
et al. 1994).
The temperature of the MOLsphere of both Antares and
Betelgeuse is estimated to be ∼2000 K at 1.2–1.4R? based on
the modeling of spectroscopic and interferometric data men-
tioned above. These temperatures are noticeably lower than the
gas temperature derived at the same radii from the ALMA obser-
vations. Based on the modeling of the optically thin [Fe II] line
at 17.94 µm for Betelgeuse, Harper et al. (2009) also derived a
gas temperature <2500 K at 0".035 = 1.7R?. Furthermore, the
recent near-infrared polarimetric aperture-masking observations
of Betelgeuse by Haubois et al. (2019) reveal dust formation at
close to 1.5 R?. This means that the temperature at 1.5 R? should
be lower than the often adopted dust condensation temperature
of 1500 K, while the gas temperature measured with ALMA at
the same radius is as high as 3000 K.
The radial thermal structure of the Antares atmosphere de-
rived from the ALMA and VLA data represents the mean of any
inhomogeneous components across the stellar disk within each
radio beam. Therefore it might be argued that the temperature
derived from the ALMA and VLA data is the average of the hot
(i.e., ∼7000 K Basri et al. 1981) component responsible for the
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UV emission lines and the cooler MOLsphere (∼2000 K) and the
dust-forming gas (< 1500 K). However, we estimate the optical
depth of the MOLsphere to be much lower than unity, mainly
due to H− opacity, as shown in Appendix B. This means that
the MOLsphere (and also the dust-forming cool gas) is invisi-
ble across all ALMA bands, and it does not contribute to the
measured temperature. Therefore the lukewarm chromosphere,
whose temperature reaches 3000 K at ∼1.5 R?, does not repre-
sent the average of the hot and cool components. It is unlikely
that the distribution of the hot (Te > 7000 K) chromospheric
components occupies a large area fraction of the stellar disk
because there are only minor intensity features in the uniform
disk-subtracted residual images (see Appendix B). Moreover, the
hottest gas detected in the very high resolution (i.e., 14 mas) im-
age of Betelgeuse by O’Gorman et al. (2017) was ∼ 3800 K,
which was still well below typical hot chromospheric values and
only occupied a few percent of the projected disk area. The area
filling factor of the hot chromospheric gas is therefore probably
smaller than or indeed far smaller than 10−2.
It is possible that the MOLsphere and the dust-forming cool
gas coexist with the lukewarm chromosphere. This latter compo-
nent should then be dominant and uniformly distributed across
the beam because otherwise, the angular sizes at the ALMA
bands would be noticeably smaller than those observed. How-
ever, if CO molecules are present at 3000 K and are not photodis-
sociated by the embedded hot FUV-emitting plasma component
(e.g., Visser et al. 2009), the dominant lukewarm chromosphere
extending to 1.3–1.5 R? would lead to strong emission of the
2.3 µm CO lines off the limb of the star. This emission would fill
in the absorption expected over the photospheric disk, making
the CO lines appear significantly weaker than those observed.
Furthermore, the images of Antares recently obtained from the
2.3 µm CO lines with an angular resolution of 5.4 mas, which is
seven times finer than the stellar angular diameter, show that the
MOLsphere extends out to ∼1.7 R? and does not appear to be
very patchy, although there are some inhomogeneities (Ohnaka
et al. 2017). The interferometric and spectroscopic observations
of the 2.3 µm CO lines therefore suggest that the lukewarm chro-
mosphere cannot be the dominant component if CO has a signifi-
cant abundance at 3000 K. This appears to contradict the ALMA
measurements.
A picture to reconcile these results is that the lukewarm
chromosphere and the cool component (MOLsphere and dust-
forming cool gas) exist in separate structures whose spatial
scales are smaller than the angular resolution of the 2.3 µm CO
line images mentioned above, perhaps analogously to the forma-
tion of Hα in cool giants (Eaton 1995). In this case, the fine inho-
mogeneous structures do not affect the overall size of the outer
atmosphere seen at the ALMA bands and in the 2.3 µm CO lines.
Such inhomogeneous structures is a key for better models of the
outer atmosphere of RSGs. For example, while the aforemen-
tioned infrared interferometric studies reveal the presence of the
MOLsphere, the current MOLsphere models cannot properly ex-
plain the 12 µm H2O lines observed in absorption, as pointed out
by Ryde et al. (2006): the H2O lines are predicted to be too weak
in absorption or even in emission. The coexistence of the luke-
warm chromosphere, MOLsphere, and the dust-forming cool gas
may reconcile this problem.
4.2. NLTE modeling of the FUV radiation field
The FUV spectrum of RSGs is an independent probe of the
hottest material in their atmospheres. It is therefore interesting to
investigate whether the chromospheric properties now detected
at radio wavelengths are sufficient to explain what is observed
in the FUV. An understanding of the FUV spectrum of RSGs is
indeed essential for determining the electron, ion, and molecu-
lar abundances, which in turn control the dust formation. While
Copernicus spectra of the chromospheric near-UV Mg II h and
k emission lines (Bernat & Lambert 1976) reveal that the sur-
faces fluxes of Antares and Betelgeuse are very similar when
modern angular diameters are adopted, the presence of the hot
B-type companion of Antares in IUE spectra and the absence of
an HST spectrum has meant that the best available M supergiant
FUV spectrum is that of Betelgeuse. The following analysis is
therefore focused on Betelgeuse alone. However, the now con-
firmed similarities of the temperature profiles of their extended
atmospheres, demonstrated in Figure 4, makes the discussion ap-
propriate for both stars, and probably all early-M RSGs.
The FUV radiation field of Betelgeuse has been observed
at high signal-to-noise ratio (S/N) with the Goddard High Res-
olution Spectrograph (GHRS) (Carpenter et al. 1994) and the
Space Telescope Imaging Spectrograph (STIS) of the HST (Car-
penter et al. 2018), and it is interesting to compare these ob-
servations with the FUV continuum generated by empirically
derived VLA and ALMA radio temperature profiles. To do so,
we performed time-independent nonlocal thermal equilibrium
(NLTE) spherical radiative transfer computations for the forma-
tion of the Si I continua to the ground and first excited terms,
which are expected to dominate the bound-free opacity between
1350 < λ(Å) < 1680. Radio continuum bremsstrahlung opac-
ity is proportional to the electron density (Rybicki & Lightman
1986; Dalgarno & Lane 1966) from singly ionized abundant
metals of low first ionization potential (e.g., Si, Fe, and Mg)
whose ground-state photoionization edges < 1625Å. We used
a revision of the Harper et al. (2001) semiempirical thermody-
namic model for Betelgeuse that is based on the ALMA and
VLA temperature distribution shown in Figure 2 of O’Gorman
et al. (2017). The details of this new model and the our FUV
simulations will be presented elsewhere and are summarized in
Appendix C.
Figure 5 shows the Betelgeuse STIS observations as radia-
tion temperatures, assuming an angular diameter of 44 mas, for
the cases of (a) no interstellar medium (ISM) reddening: yellow
filled circles (AV = 0.00), and (b) a reddening of AV = 0.62 with
RV = 3.1 (e.g., Levesque et al. 2005) using the FUV extinction
relation of Cardelli et al. (1989): red filled circles. The contin-
uum flux points are presented as radiation temperatures, TRad,
which are defined as the temperature required by an isotropic
blackbody to produce the observed surface flux density. This
temperature is defined as
TRad =
hc
kλ
{
ln
[
hc2piφ2?
2Fλ⊕λ5
+ 1
]}−1
, (1)
where Fλ⊕ is the observed flux, φ? is the photospheric angular
diameter, and the other symbols have their usual meanings. The
continuum flux values were chosen to avoid the narrow circum-
stellar CO fourth-positive absorption bands and chromospheric
emission lines. Figure 5 shows that starting from 1700Å, the ob-
served TRad slowly increases toward shorter wavelengths (Car-
penter et al. 2018), as is observed for the Sun (Avrett & Loeser
2008, Fig. 1), albeit at lower values.
The revised thermodynamic model of Harper et al. (2001)
predicts the TRad distribution shown as the dashed blue line.
Given that Trad is logarithmically dependent on the observed
flux density (see Equation 1), the discrepancy between the ob-
servation and predictions is enormous. In this model, silicon is
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Fig. 4. Comparison of the temperature structure of the extended atmo-
spheres of the early-M supergiants Antares and Betelgeuse. The filled
red circles are the measurements summarized in this work for Antares,
and the filled blue diamonds are the measurements for Betelgeuse (Lim
et al. 1998; O’Gorman et al. 2017). The error bars in the gas temperature
include the uncertainty in absolute flux density scale. The overlapping
filled black circles at R? = 1 represent the photospheric effective tem-
peratures of Antares and Betelgeuse. The solid black line is the temper-
ature profile of the semiempirical model for the extended atmosphere of
Betelgeuse discussed in Section 4.2 and Appendix B.
predominantly partially ionized, and the continuum source func-
tion is only weakly coupled to the thermal structure. However,
the ground-state continuum is optically thick in the cool outer
reaches. Embedded in the cool extended atmosphere that was
first detected by Lim et al. (1998) lies hot chromospheric plasma
that generates strong collisionally excited UV emission lines
(e.g., Harper & Brown 2006). We therefore included photoion-
ization by H I Lyα and Lyβ, assuming that the intrinsic integrated
H I Lyα and Mg II h & k fluxes are the same (based on Wood
et al. 2005) and that the Lyβ flux is assumed to be 1/250 that
of Lyα. The solid blue line shows a much closer agreement at
longer wavelengths. In this model, Si I is predominately singly
ionized, and the source function is much larger and even less
coupled to the thermal structure. The ground-state opacity is re-
duced, leading to enhanced FUV emission. However, shortward
of 1400Å, the FUV radiation field remains very strongly under-
estimated, which is partly the result of excess opacity in the wing
of H Lyα.
As a comparison, we computed the FUV continuum using
the hot compact chromospheric model of Basri et al. (1981).
This model was partially based on UV chromospheric emis-
sion lines measured with the International Ultraviolet Explorer,
IUE. The resulting spectrum is shown in Figure 5. This model,
which includes no cool extended plasma, remarkably provides
a crude match to the observed spectrum, given the uncertain-
ties in reddening from the ISM and circumstellar dust (see, e.g.,
Kervella et al. 2011). This illustrates the perils of the monochro-
matic approach to studying the atmospheres of cool stars, es-
pecially noncoronal red supergiants, because the presence of
cool extended plasma must be accounted for. In terms of com-
puting the radio opacity in the extended atmosphere, adopting
the radio thermal structure and including an additional chromo-
spheric photoionization component appears to yield reasonable
estimates of the singly ionized abundances. Proceeding on si-
multaneously matching the radio continuum and the FUV con-
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Fig. 5. Observed and simulated radiation temperatures for the FUV
spectrum of Betelgeuse. The observed continuum values are shown as
solid circles: yellow for no ISM reddening, and red for an extinction of
AV = 0.62 (see text for details). The blue lines are simulations based on
an empirically derived temperature profile of the extended atmosphere
of Betelgeuse. The dashed line is the line predicted in the absence of
any additional sources of excitation. Si is partially ionized, and there is
sufficient opacity for the ground-state edge to be optically thick in the
cooler outer layers, leading to very low fluxes λ < 1680Å. Adding pho-
toionization from H I Lyα and Lyβ increases the ionization to the point
where the optical depth unity surface is near the thermal peak at 2R?.
The solid green line is the line from the compact hot chromospheric
model of Basri et al. (1981). The hydrogen ionization from the hot chro-
mospheric plasma leads to additional emission at shorter wavelengths.
The solid vertical red lines indicate the location of the ground-state pho-
toionization edges, and the dashed green line is the photoionization edge
form the first excited Si I term. The Si I edges are intrinsically stronger
than those of Fe I and Mg I.
tinuum will require multidimensional atmospheric models that
explicitly include the hot localized plasma, which will increase
the flux shortward of 1400Å. The UV-emitting plasma might be
trapped in magnetic fields that are heated and become ionized,
or it may originate in unresolved (small-scale) shock fronts that
temporarily heat and ionize the gas.
4.3. Constraints on the maximum chromospheric
temperature
An examination of the STIS E230M spectrum of Betelgeuse
in the HST ASTRAL spectroscopic library [P.I. T. Ayres
https://archive.stsci.edu/prepds/astral/#coolstars, Ayres (2010)]
reveals the optically thin Si III] 1892Å emission line. An emis-
sion measure analysis (see, e.g., Brown et al. (1984)) with the
nearby Si II 1808+1816Å multiplet, and also Al II] 2669Å, Mg
II h 2802Å, and the nondetection of C III] 1908Å, indicates that
chromospheric plasma must be heated to above 12,500 K to ac-
count for the Si III] emission. The strongest constraint is from
the ratio of the Si II and Si III] fluxes because they have the
same elemental abundance and very similar ISM and circumstel-
lar reddening. A weak constraint from the C III] nondetection is
that the maximum temperature is < 60, 000K.
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4.4. Heating of the chromosphere
The VLA and ALMA data demonstrate their synergy by en-
abling a complete frequency sweep for temperature tomography.
The distribution shown in Figure 3 is more complete and has a
higher S/N than was achieved for Betelgeuse (O’Gorman et al.
2017). The similarity of the two thermal structures indicates that
this is a common phenomenon in early-M RSGs and not just a
quirk of individual stars.
The temperature peak near 2.5 R? is similar in extent to that
in Betelgeuse, and it is interesting to compare this extent with
that derived from the most detailed 1D semiempirical model of
an RSG, that is, α Tau (K5 III) (McMurry 1999). This model
was based on Hubble FUV and near-UV spectra and included
turbulent and gas pressure support. It rises from a temperature
minimum to transition region temperatures at the outer boundary
at a fractional extent of ∆R/R? ' 20%.
In 1D semiempirical chromospheric models of nonpulsat-
ing cool evolved stars, one of the characteristic properties is
that the electron density, ne, remains reasonably constant with
height (to within a factor of ±3) while the total hydrogen den-
sity (nH = HI + HII) falls by four to five orders of magnitude.
In order for the hydrogen ionization fraction to increase out-
ward, the gas temperature must also increase, indicating that
the heating rate per gram increases outward. This implies that
the chromospheric heating per gram falls off more slowly than
the hydrogen density (cf. Ayres 1979). At the temperature min-
imum, the source of electrons is photoionization of the lowest
first-ionization potential metals: K, Ca, Na, Al, Si, Fe, and Mg,
and xmet = ne/nH ' 10−4, and at higher temperatures, C and H
become ionized.
As the hydrogen density falls, the heating exceeds the cool-
ing and the gas temperature increases, and hydrogen begins to
contribute electrons by photoionization by the Balmer contin-
uum, following excitation of the n = 2 level (Hartmann & Avrett
1984). When the hydrogen density has declined by 1/xmet , it be-
comes dominantly ionized at Tgas ∼ 104 K, and then the source
of available electrons declines rapidly as the hydrogen density
continues to fall. When we apply this concept to the embedded
hot chromospheric component of M supergiants, we can estab-
lish the radius where this occurs, Rtop, by using the density strat-
ification in a thermal and turbulent supported atmosphere (e.g,
see Eaton 1993),
ln {xmet} = ln
{
nH(Rtop)
nH(R?)
}
=
R2?
H?
(
1
Rtop
− 1
R?
)
, (2)
where the density scale height at the stellar surface, H? (assumed
constant), is given by
H? =
(
kTgas
µmH
+
1
2
v2turb
)
/g?. (3)
vturb is the most probable turbulent velocity, assumed be isotropic
and to have spatial scales smaller than H?.
We adopted M? = 15 M and R? = 680 R (Ohnaka et al.
2013), with a mid-chromospheric Tgas = 8000 K and vturb =
19 km s−1 measured from Betelgeuse (Harper and Brown 2006).
Evaluating Eq. (2), we find Rtop = 2.0R?. There is some indica-
tion that the turbulence in the extended atmosphere of Antares is
greater than in Betelgeuse (Harper et al. 2009, Table 3), which
would lead to a greater extension in Antares, as observed. When
we make the same evaluation for α Tau, we find Rtop = 1.2R?.
Given the uncertainty in surface gravity (30%), and because we
took a constant Tgas and vturb in the density scale height, these re-
sults are consistent with the assumption that the heating rate per
gram increases outward within a predominantly turbulent sup-
ported chromosphere.
4.5. RSGs versus AGB stars at radio wavelengths
Some progress has recently been made into understanding the
physical properties of asymptotic giant branch (AGB) stars at
radio wavelengths, and it is therefore valuable to compare their
properties at these wavelengths to those of the RSGs. Reid &
Menten (1997) detected six AGB stars between 6 and 22 GHz
and found that the emission was characteristic of the Rayleigh-
Jeans tail of a thermal blackbody source (i.e., S ν ∝ ν2), with their
flux densities exceeding those expected from their optical pho-
tospheres by roughly a factor of 2. The authors also successfully
spatially resolved one of their targets (i.e., W Hya) at 22 GHz and
found that its diameter was twice that of the photospheric angu-
lar diameter, although its brightness temperature was ∼ 1000 K
below the photospheric effective temperature (Teff ∼ 2500 K).
They coined the term radio photosphere to describe the region
of the atmosphere at ∼ 2 R? from which the radio emission em-
anates, with the opacity being generated from electrons from
metals with low-ionization potentials. These properties for the
radio photospheres of AGB stars have now been confirmed by
multiple subsequent studies (Reid & Menten 2007; Menten et al.
2012; Matthews et al. 2015; Planesas et al. 2016; Matthews et al.
2018; Vlemmings et al. 2019).
Although the term radio photosphere was initially only used
to describe the radio atmospheres of AGB stars, it is now some-
times used in the literature to describe the radio atmospheres of
RSGs (e.g., Carilli et al. 2018). Our results here have shown that
the radio properties of the RSGs are very different to those of
AGB stars. For example, unlike in AGB stars, the radio spectral
index for the RSGs is much more shallow than the Rayleigh-
Jeans tail of a thermal blackbody source between at least 3 and
405 GHz. Moreover, we have shown that radio emission from
an RSG between roughly 22 and 400 GHz traces optically thick
chromospheric emission, while no evidence for a chromospheric
temperature rise is found by Matthews et al. (2015) over a simi-
lar frequency range for the AGB star Mira A. Finally, at frequen-
cies lower than 22 GHz for the RSGs, the relatively low spectral
index values (∼ 0.8) along with the declining gas temperature in-
dicate that this radio emission stems from an expanding wind.
However, for AGB stars at these frequencies, the spectral index
is still ∼ 2, which would indicate that the presumably less ion-
ized wind is still too optically thin to be detectable. We conclude
that the inclusion of the term radio photosphere is unnecessary
when the chromosphere and wind of an RSG at radio wave-
lengths is described and might indeed be confused with either
the classical optical photosphere of an RSG or with the different
properties of the AGB radio photospheres.
5. Conclusions and future prospects
We have performed an extensive spatially resolved study of the
thermal free-free continuum emission from the RSG Antares
at centimeter to submillimeter wavelengths. To the best of our
knowledge, this is the first time that a stellar disk other than the
solar disk has been spatially resolved longward of 6 cm. Our fine
frequency sampling between 405 GHz and 3 GHz along with the
high dynamic range of our data has allowed us to locate the chro-
mospheric temperature rise and onset of the wind in the atmo-
sphere of an RSG. Our dataset demonstrates the power of spa-
Article number, page 9 of 12
A&A proofs: manuscript no. aanda
tially resolved mutifrequency radio continuum observations for
understanding the nature of evolved stellar atmospheres.
Our study also highlights the importance of including ob-
servations at different parts of the electromagnetic spectrum to
acquire as much of an understanding of the nature of RSG atmo-
spheres as possible. To reconcile previously reported hot (i.e.,
∼7,000-9,000 K) FUV emission studies of RSGs with our ra-
dio data requires that this hot FUV-emitting plasma must have
a very small filling factor throughout the chromosphere in order
for us to measure much lower temperatures at radio wavelengths.
A similar conclusion was drawn by Lim et al. (1998) for the
more extended atmosphere of Betelgeuse beyond ∼2.5 R?. We
therefore picture a lukewarm chromosphere that peaks at 3800 K
at ∼2.5R? and is speckled with hotter FUV-emitting plasma
throughout. The cool (i.e., <2000 K) MOLspheres around RSGs
that have been extensively studied at near-IR wavelengths are
optically thin across all of the wavelengths reported in this study
and thus do not contribute to our derived temperature profile.
This means that the cool MOLsphere must also coexist with our
lukewarm chromosphere on spatial scales below the spatial res-
olution of current telescopes.
Bright chromospheric substructures have previously been
imaged and resolved at 338 GHz with ALMA for Betelgeuse
(O’Gorman et al. 2017) and indicate localized regions of en-
hanced heating. We compared the similarities of the tempera-
ture profiles in the atmospheres of Betelgeuse and Antares, and
our results show that the substructures imaged for Betelgeuse
are present in its lower chromosphere. It would be intriguing to
carry out further high-resolution imaging with ALMA of either
Antares and/or Betelgesue over a number of epochs to moni-
tor the prevalence and evolution of these substructures to de-
termine the timescales upon which they evolve. A comparison
of these timescales to known timescales, such as those of rota-
tion or convection, might help to explain their origin. A repe-
tition of these high-resolution ALMA observations at multiple
wavelengths might then tell us to which extent these regions of
enhanced heating reach out into the atmosphere. The 15% flat-
tening of the atmosphere that we observed here for Antares at
all four ALMA wavelengths might indicate that they permeate
much of the chromosphere. Future radio interferometers such
as the next-generation Very Large Array and the Square Kilo-
metre Array will probe the very top of the chromosphere along
with the wind-launching region at a fidelity and resolution simi-
lar to those that have been achieved for the lower chromosphere
of Betelgeuse with ALMA.
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Appendix A: Searching for small-scale asymmetries
In Figure A.1 we show the residual ALMA images where the
best-fit uniform-intensity elliptical disks were first subtracted
from the visibilities. Some weak (≤10σ) emission features are
still present. However, we are unable to improve the visibility fit-
ting by creating more complex models than those consisting of
only uniform-intensity elliptical disks. The residual images indi-
cate the possibility of small-scale deviations from uniformity in
the emission throughout the chromosphere. ALMA continuum
data with higher spatial resolution are required to detect such
features, which are known to exist in the chromosphere of Betel-
geuse (O’Gorman et al. 2017).
Appendix B: Calculating the optical depth of the
MOLsphere and dust-forming gas
Ohnaka et al. (2013) estimated the CO column density and the
radius of the MOLsphere of Antares to be 1020 cm−2 and 1.3
R? (i.e., 0.3 R? above the photosphere), respectively. As the
geometrical thickness of the MOLsphere, we adopted 0.3 R?=
1.43× 1013 cm with R? = 680 R. This gives a CO number den-
sity of 7 × 106 cm−3. Assuming chemical equilibrium, we com-
puted the gas pressure that reproduces this CO number density at
2000 K. We obtained a gas pressure of log Pgas = −2.0 dyn cm−2,
an electron density of log ne = 5.1 cm−3, a neutral hydrogen
density of log nH = 10.5 cm−3, and a molecular hydrogen den-
sity of log nH2 = 8.0 cm
−3. We only considered the opacity of
H− because the neutral hydrogen density is much higher than
that of molecular hydrogen. The formula given by Dalgarno &
Lane (1966) gives a cross section of 7.92 × 10−21 cm4 dyn−1 at
0.08 cm and 2000 K. Combined with the electron and neutral
hydrogen number densities derived above, we obtained an opti-
cal depth of 1.3 × 10−4 for the geometrical thickness of 0.3 R?.
When we allow for photoionization of metals from the surround-
ing hot plasma, the electron density might be 2 orders of magni-
tude higher. Even in this case, the MOLsphere remains optically
thin.
Appendix C: Details of the radiative transfer model
The Harper et al. (2001) semiempirical thermodynamic model
of Betelgeuse was updated to include modern estimates of
the distance (Harper et al. 2017) and photospheric angular di-
ameter. The original multiwavelength VLA angular diameters
were supplemented with the ALMA 0.89 mm measurement from
O’Gorman et al. (2017). The main changes to the original model
are therefore interior to the region of the peak radio temperature
because the ALMA data now provide a direct temperature-radius
measurement interior to the VLA values. This updated model
will be published elsewhere.
For the simulations of the FUV continuum, the bound-free
continua of Si I, Fe I, C I, and Mg I were solved simultane-
ously using three-term model ions, with the first two terms of
the neutral state and the ground term of the singly ionized atom.
Collisional and radiative transitions were included between all
terms. Background opacities from Ca I, Al I, and S I were in-
cluded using a photoionization-radiative recombination approx-
imation appropriate for the observed low gas temperatures. The
adopted photoionization cross sections are for Si I (Nahar 2000),
Fe I (Smyth et al. 2019), and Mg I (Mendoza & Zeippen 1987),
Ca I and Al I (from the compilation of Mathisen 1984), and H I
Rayleigh-scattering cross sections (Gavrila 1967). The photoion-
ization cross sections for C I and S I were taken from fits made
by P. D. Bennett (private communication) based on Topbase val-
ues (Cunto et al. 1993). The hydrogen ionization was treated us-
ing the escape probability approximation given in Hartmann &
Avrett (1984). For the enhanced photoionization simulation, the
Lyα to Ly β flux ratio was assumed to be 250, the value found
from hydrogen partial redistribution computations for the inac-
tive red giant α Tau (K5 III) by Sim (2001). This value is slightly
higher than that found in quiet areas of the Sun (Lemaire et al.
2012). The abundances for Betelgeuse were taken from Lambert
et al. (1984), Rodgers & Glassgold (1991), and Carr et al. (2000),
and any other elements were taken as solar values (Asplund et al.
2009).
The radiative transfer problem for the bound-free continua
of Si, Fe, C, and Mg was solved simultaneously for 1000 fre-
quency points for 960 < λ(Å) < 2060 for 1 < R? < 15 using
251 shells and 15 core rays using standard angle quadrature (e.g.,
Harper 1994). The inner boundary condition was a MARCS pho-
tospheric model (Gustafsson et al. 2008). The ion densities of Si,
Fe, C, and Mg, were iterated until convergence. A description of
the full complexities of detailed FUV solar simulations can be
found in Avrett & Loeser (2008) and Fontenla et al. (2011) and
references therein.
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Fig. A.1. ALMA Briggs-weighted (robust 0) residual images of Antares constructed from the visibilities from which the best-fit uniform-intensity
elliptical disk models were first subtracted. The size and shape of the restoring beam at each frequency is shown in the lower left corner of each
image. Contour levels are set to (−10,−8,−6,−4, 4, 6, 8, 10) × σrms. The size and shape of the chromosphere is shown as a red ellipse in each
image.
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